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Introduction
The significance of changing the biomechanical parameters of the cornea as well as 
the entire eyeball in the disease states has been repeatedly indicated in the literature 
[1–9]. Pathologies such as: keratoconus, glaucoma, Fuchs dystrophy and others can 
lead to serious disorders in this area [10–21]. The most significant is also the sensitiv-
ity of biomechanical parameters of the eye to the progression of corneal ectasia, which 
may be an important indicator when planning refractive procedures and assessing the 
possibility of corneal ectasia based on the observed changes in corneal biomechanics 
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[22–24]. Biomechanical features and their changes are revealed during dynamic corneal 
changes that occur, e.g. during tonometer examination. Without any doubts, currently, 
the leading equipment allowing the assessment of corneal biomechanics are tonometers: 
ORA (Ocular Response Analyzer, Reichert Ophthalmic Instruments, Depew, NY) and 
introduced 5 years later (in 2010) tonometer Corvis ST (OCULUS Optikgeräte GmbH, 
Wetzlar, Germany). According to PubMed publication database from 2014 262 publica-
tions were published (most in 2016) in the subject of the ORA tonometer (search for the 
password: Ocular Response Analyzer). The search for the slogan: Corvis ended with the 
result of 159 publications, mostly published in 2017.
Non-contact tonometer ORA was the first to emphasise the importance of biome-
chanics in measuring intraocular pressure. The main difference compared to traditional 
air-puff tonometers is the registration of the corneal deformation process by an elec-
tro-optical infrared radiation (IR) sensor [16, 25]. The signal received by the detector is 
shown on the graph, along with the course of variable pressure causing corneal deforma-
tion. The characteristic moments observed in the graph of the signal recorded by the 
IR radiation detector are two peaks, which correspond to the moments of the first and 
second corneal applanation. The two basic biomechanical corneal parameters available 
in this device are corneal hysteresis (CH) and corneal resistance factor (CRF) [26–31]. It 
is worth noting that the measurement of corneal deformation in the ORA tonometer is 
based only on the recording of the infrared light signal.
In the Corvis ST tonometer, the basics of biomechanical parameters measurements 
are based on the analysis of the dynamic corneal deformation recorded by the ultra-fast 
Scheimpflug camera. Thanks to the possibility of reconstructing the full process of cor-
neal deformation and observation of its dynamic changes in the video, the Corvis ST 
tonometer allows to obtain a much bigger number of quantitative parameters that are 
the basis for the description of biomechanical changes during the examination [32–36]. 
Various methods of image analysis and processing [37–39], or artificial intelligence 
methods and others [40–42] can be applied for this purpose.
The primary purpose of both devices is undoubtedly the measurement of intraocular 
pressure (IOP), the changes of which are the first indicator evidentiary of visual impair-
ment, such as glaucoma or others. However, it is now known that IOP values strongly 
depend on the central corneal thickness (CCT), age, and in the broad sense, biomechan-
ical parameters of the cornea and the entire eyeball [43–49]. Both ORA and Corvis ST 
in their software contain algorithms allowing to determine the so-called corrected IOP 
value. The principle of the mentioned correction is different in each of the devices. In 
the ORA tonometer, it is a corneal compensated IOP (IOPcc), in which the IOP value 
from CCT as the main factor responsible for stiffness of the cornea and based on the 
pressure values at the moments of the first and second applanation [16]. For the Cor-
vis ST tonometer, a biomechanically corrected IOP (bIOP) was developed. Its value is 
determined on the grounds of an algorithm based on numerical simulations of dynamic 
corneal deformation, also taking into account the effect of variable corneal thickness [50, 
51].
In this work, we will present the latest and already known biomechanical parameters 
possible to be obtained from tonometers using air puff. The authors will focus on their 
practical application and the diagnostic credibility indicated in the literature. The main 
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aim of the work is, therefore, to review the latest literature about new dynamic corneal 
response (DCR) parameters and to mark their role in the clinical practice.
It should be noted that the presented article concerns all devices used in optometric 
medicine, using a puff of air and an ultra fast camera, allowing to record several hundred 
frames per second, intended for intraocular pressure measurement. Due to the wide-
spread use of the Corvis ST tonometer both in ophthalmic surgeries and in numerous 
scientific articles, it will be the basis for further consideration. It should be emphasized 
here, that this is only an example device which allows to acquire the discussed attributes.
The operation fundamentals of tonometers using air puff
The combination of classic measurement of intraocular pressure with the imaging of 
the anterior segment of the eye turned out to be a kind of breakthrough in the discus-
sion about eyeball biomechanics. These two measurements integration was used in 
the tonometer using air puff and fast Scheimpflug camera. This device records the full 
corneal deformation process when measuring intraocular pressure using the contact-
less method. Thanks to the use of the ultra-fast Scheimpflug camera, it is possible to 
observe the behaviour of the front eye segments visible on the recorded cross-sections. 
The whole process is recorded in the form of a video film, it is also possible to export a 
series of 140 images showing corneal deformation. The Scheimpflug camera covers the 
cornea profile with a width of 8.5 mm, and the study itself takes only 33 ms. The force 
of the air pulse causing deformation is normalised and equal during each measuring, its 
maximum value can reach 25 kPa [52, 53].
Since 2010, in which a non-contact tonometer Covis ST was introduced, the depend-
ence of available parameters on specific disease entities, as well as changes in their value 
after performed surgical procedures, was investigated. The versions of tonometer soft-
ware have been changed several times, supplemented with new parameters and func-
tionalities of the device, in the field of assessment of the biomechanical parameters 
impact on the obtained results, mainly the intraocular pressure value [54–60]. Biome-
chanical parameters of the cornea can also be measured by other types of devices used in 
ophthalmology using a puff of air and a fast camera that enables recording several hun-
dred frames per second. This type of device must be enriched with software to detect the 
contour of the external and internal deformed cornea.
Currently, one of the most important challenges is to develop standardised values for 
the parameters obtained, so as to enable, among other things, early detection of ectatic 
corneal diseases. So far, a special indicator, called corneal biomechanical index (CBI) 
was developed. It indicates in an intuitive way the probability of corneal ectasia of the 
examined patient [61]. All of the available parameters, in the literature determined as 
dynamic corneal response (DCR) parameters, were isolated as a result of the specific 
stages of dynamic corneal deformation analysis.
The corneal deformation‑dynamic corneal response (DCR) parameters
There are nine described stages of the dynamic corneal deformation: the initial stage, 
preceding the deformation, then the ingoing stage in which the cornea deforms 
inward while maintaining its convex shape, the next stage is the moment of the first 
applanation or the so-called flattening of the cornea after which there is the ingoing 
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phase of concave, where the cornea deforms and takes on a concave shape. The next 
moment is the so-called stage of oscillation including the moment of maximum cor-
neal bending. At this point, we can observe the greatest vibrations, i.e. corneal oscilla-
tions. The next stage is the outgoing concave phase, when the cornea begins to return 
to its original shape but still retains the concave form, then the stage of the second 
corneal applanation, followed by the outgoing convex phase, until the cornea returns 
to its original shape, in which we observe the last stage, called the stage after corneal 
deflection [62].
Analysing the above phases in detail, a number of parameters determined by devices 
using air puff and Scheimpflug’s fast camera are described below.
The Scheimpflug camera starts acquisition of the deformation process when the air 
pulse is triggered. During this starting point, the cornea is in its natural, convex shape, 
then the pachymetry is measured—not only in the central part of the cornea (central 
corneal thickness CCT) but over the entire length of the cornea (Fig. 1). This allows 
Fig. 1 Part of the IOP/Pachy display presenting the possibility of corneal thickness measurement
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an assessment of changes in the structure of the cornea, fluctuations in its thickness 
and possible asymmetry that may indicate changes in the cornea.
Then, as the air pulse pressure increases, the cornea deforms inward through the 
first applanation stage. At this point, the device measures the length of the first 
applanation segment (A1 length), the time of applanation (A1 time), the velocity 
of the corneal apex (A1 velocity) as well as the measurement of the corneal deflec-
tion amplitude (A1 DeflAmp). The next two parameters are: deformation amplitude 
ratio at 2 mm [DA ratio (2 mm)] and deflection amplitude ratio at 2 mm [DefA ratio 
(2  mm)]. Then cornea changes its shape from convex to concave, approaching the 
oscillatory phase—during this time the device measures stiffness coefficients. Respec-
tively stiffness parameters A1 (SP-A1) and HC (SP-HC). At the moment of the of the 
highest corneal concavity (HC) (stage of oscillation) the parameters are determined: 
time of occurrence of the highest corneal concavity moment (HC time), radius of cor-
neal curvature at its highest concavity (HC radius), maximum deformation amplitude 
(DA), distance between two corneal peaks during its maximum bending (peak dis-
tance) and the maximum value of the inverse of the radius of corneal curvature at 
the moment of the highest concavity (InvRadMax). In addition, we can obtain fur-
ther indicators: corneal deflection amplitude (HCDeflAmp), corneal deflection area 
(HCDeflArea) as well as the difference in arc length of the outer corneal edge between 
the initial state of the cornea and its length at the moment of the highest concavity, 
measured on each side, in the horizontal plane at a distance 3.5 mm from the corneal 
apex (HCdArcLength) [51]. One of the last stages is the moment of the second appla-
nation, in which the length of the second applanation (A2 length), the time of the 
second applanation (A2 time) and the velocity of the cornea (A2 velocity) are meas-
ured, respectively. After the examination, the corneal position can be compared dur-
ing the rest period before and after deformation. As observed after such “imposition” 
of images, a visible displacement of the cornea in the vertical plane is observed. The 
value of this displacement is described by the following parameter: maximum whole 
eye movement (WEMax) [62, 63]. Table  1 presents, using the Corvis ST tonometer 
as an example, a summary of the parameters that can be obtained by analysing the 
corneal deformation process in non-contact tonometers equipped with a fast camera.
A notable change in the last parameter adjustment is the separation of two types of 
parameters that are determined by taking into account (or not) the movement of the 
eyeball during the examination (whole eye movement). The first group is defined as 
deformation parameters that include WEM. However, parameters containing only “raw” 
corneal displacement are referred to as deflection parameters—not affected by eyeball 
displacement.
The repeatability of the first key parameters has been studied many times in [53, 64–
66]. As one of the first Nemeth et al. [64] presented results confirming high repeatability 
for IOP and CCT measurements (the study group included 75 healthy eyes). The intra-
class correlation coefficient (ICC) was 0.865 for IOP and 0.970 for CCT, respectively. For 
the amplitude of deformation (DA) and the time of the first applanation (A1 time), ICCs 
were obtained at 0.758 and 0.784, respectively. High repeatability of IOP measurements 
was also observed by Hong et al. [53] (ICC at 0.90), the ICC for reproducibility was 0.78 
(for a group of 23 healthy patients and 36 patients with glaucoma). One of the basic, 
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most often analysed parameter is the amplitude of deformation (DA). The decrease in 
the amplitude of deformation was associated with the increase in IOP and the greater 
central corneal thickness (CCT) [67–69]. An increase in the amplitude of deformation 
(DA) for patients with keratoconus as compared to the control group was also shown 
[34, 70]. In works [65, 71], there was also an increase in DA for glaucoma patients. 
Unfortunately, these changes were often small and the authors pointed to the need for 
further research and analysis of the usefulness of the parameters used. So far, no “gold 
standard” has been developed in this area, indicating that the value of a given parameter 
has significantly increased the probability of occurrence of a given eye pathology.
Corvis Biomechanical Index (CBI)
An attempt to standardise the available biomechanical parameters is the development 
of the mentioned Corvis Biomechanical Index (CBI). In his work Vinciguerra et al. [61] 
indicate that the CBI value at 0.5 and higher indicates an increase in the possibility of 
corneal ectasia for the patient under study. Accuracy of this coefficient was checked in 
[72], for a group of 312 patients with healthy cornea and 118 patients with keratoconus 
(asymmetric ectasia). The area under the ROC curve for the CBI factor for the detection 
Table 1 Parameters that  can be obtained from  a  device using an  air puff 
and the Scheimpflug’s fast camera (using the example of the Corvis ST tonometer)
Parameter Deformation phase Description
A1 length (mm) A1 Length of the flattened cornea at the first applanation
A1 velocity (mm/ms) Velocity of the corneal apex during the first applanation
A1 time (ms) Time from the measurement beginning to the first applanation 
moment
A1 DeflAmp (mm) Corneal deflection amplitude during the first applanation, deter-
mined as the displacement of the corneal apex in relation to the 
initial state without the whole eye movement
DA ratio (2 mm) Near A1 Deformation amplitude ratio at 2 mm
DefA ratio (2 mm) Deflection amplitude ratio at 2 mm
SP-A1 Stiffness parameter A1
SP-HC Stiffness parameter HC
DA (mm) HC Maximum deformation amplitude (measured at the moment of 
the highest corneal concavity). It is the actual sum of corneal 
deflection amplitude and whole eye movement
HC time (ms) Time from the measurement beginning to the moment of reach-
ing the highest concavity
HCDeflAmp (mm) Corneal deflection amplitude at the moment of the highest 
corneal concavity
HCDeflArea  (mm2) Highest concavity deflection area
HCdArclength (mm) Highest concavity delta arc length
Peak distance (mm) Distance between the corneal peaks at the moment of the highest 
corneal concavity
HC radius (mm) Radius of corneal curvature during the moment of its highest 
concavity
InvRadMax (1/mm) Maximum inverse radius
WEMmax (mm) A2 Maximum whole eye movement
A2 length (mm) Length of the flattened cornea at the second applanation
A2 velocity (mm/ms) Velocity of the corneal apex during the second applanation
A2 time (ms) Time from the measurement beginning to the second applanation 
moment
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of corneal ectasia and the susceptibility to its occurrence was 0.864, and the sensitiv-
ity and specificity values were 70.7% and 93.3%, respectively. Significantly better results 
(AUC 0.988, sensitivity 94.4% and specificity 94.9%) were obtained for the Tomographic 
and Biomechanical Index (TBI) available through corneal tomography. Similar observa-
tions were described in earlier work [73], where 480 patients with normal cornea and 
204 with keratoconus were collected. In this work, the randomised method with leave-
one-out cross-validation was chosen as the best of the tested verification methods. The 
area under receiver operating characteristic curve (AUARC) values for the detection of 
corneal ectasia were 0.996 for TBI and 0.936 for CBI. Application of Corvis Biomechani-
cal Index for the subclinical form of the keratoconus, where the patients had a confirmed 
diagnosis of ectasia on one eye, while the second eye was characterised by normal results 
of the tomography and topometry was analysed in the article [74]. In the group of 12 
patients with this disease, the CBI index values for the eye with correct (indicative of 
no disease) results obtained from tomographic measurements and corneal topography 
resulted in CBI values greater than 0.5 for both eyes.
Hirasawa et al. [75] investigated the change in CBI after cataract surgery. The research 
group included 39 eyes with a cataract. Control examinations were carried out before 
surgery and week, month and 3 months after surgery. Among the parameters studied, 
the CBI index increased significantly after 1  week after surgery (P < 0.01), however, in 
the reference periods, after the 1st and 3rd month of surgery, it was at the same level as 
before the surgery. What is more, the mean value of the CBI before the surgery was 0.15 
(less than the value indicated in [61], where the “cut-off” point for patients with kerato-
conus was 0.5) 1 week after surgery 0.24 and 0.15 after 3 months. Hirasawa and his team, 
therefore, indicate the need for a more detailed study of the usefulness of the CBI index 
to assess patients after cataract surgery. Obtained high values do not have to be an indi-
cator of the keratoconus. The summary of Corvis Biomechanical Index (CBI) evaluation 
is presented in Table 2.
In reference to the cited literature, the recently introduced Corvis Biomechanical 
Index (CBI) is a very prospective tool in the diagnosis of corneal ectasia. In spite of 
very good initial results [61] indicating high sensitivity and specificity of this parameter 
in the classification of patients with keratoconus, it should nowadays be an additional 
diagnostic tool which complements tomographic and topographic examination of the 
cornea and not an independent parameter which is the basis for the corneal pathology 
assessment. This statement is indicated by studies describing the ambiguity of the results 
obtained. It should be undoubtedly stated that this parameter confirms the importance 
of biomechanics in the diagnosis of ectatic corneal diseases, especially in cases where 
biomechanical analysis shows abnormalities not observed in tomographic examinations, 
which often occurs in subclinical cases of keratoconus.
Dynamic corneal response (DCR) parameters
Repeatability of the dynamic corneal response parameters
Biomechanics of the cornea significantly affect the values of intraocular pressure [10, 16, 
22, 25, 76–78]. This was also confirmed by the latest work analysing the correlation of 
new dynamic corneal response parameters (DCRs) with IOP values [51]. Therefore, not 
only age and central corneal thickness are parameters requiring consideration during the 
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tests [47, 79]. In the new version of Corvis ST tonometer software in the tab containing 
so-called The Vinciguerra Screening Report (Fig. 2) there are two IOP values—IOPnct, 
i.e. uncorrected pressure (hereinafter referred to as IOP in the paper) and bIOP—i.e. 
biomechanically corrected IOP. bIOP was developed in its original version by the team 
of Joda et al. [50], whereas in the Corvis ST tonometer the reported pressure value is cal-
culated according to the modified algorithm [51, 80].
Repeatability and reproducibility for IOP and bIOP values were first studied in Lopes 
et al. [81]. Tests carried out in a group of 32 healthy patients. There were also analysed 
eight selected DCR parameters: maximum deformation amplitude, maximum deflec-
tion amplitude, DA ratio at 2  mm, DA ratio at 1  mm, integrated radius, maximum 
inverse radius, the first applanation velocity and stiffness parameter at the first applana-
tion. The results showed very good in-subject standard deviation values for repeatabil-
ity and reproducibility for uncorrected pressure (IOP)—about 1 mmHg, 0.98 and 1.12, 
Table 2 Corvis Biomechanical Index (CBI) evaluation
Author Participants Parameter Results
Vinciguerra et al. [61] 478 healthy patients 
and 180 patients with 
keratoconus
Corvis Biomechanical 
Index (CBI)
For the broad international 
research group, the CBI 
index showed statistically 
significant sensitivity and 
specificity in the clas-
sification of patients with 
keratoconus
Ferreira-Mendes et al. [72] 312 healthy patients and 
118 patients with kera-
toconus
Tomographic and Bio-
mechanical Index (TBI), 
CBI and Belin/Ambrósio 
Deviation Index (BAD-
DI)
The TBI parameter showed 
the highest accuracy in 
distinguishing healthy 
eyes from the eyes with 
corneal ectasia—the AUC 
value for the TBI index 
was statistically higher 
than the values for CBI 
and BAD-DI
Ambrosio et al. [73] 480 healthy and 204 
patients with kerato-
conus
TBI, CBI and Belin/Ambró-
sio Deviation (BAD-D)
The TBI index showed sta-
tistically better accuracy 
in the detection of cor-
neal ectasia than CBI and 
BAD-D. The TBI parameter 
proved effective in dis-
tinguishing subclinical 
forms of corneal ectasia
Vinciguerra et al. [74] 12 patients with a diag-
nosed subclinical form 
of the keratoconus
CBI, tomography and 
topography of the 
cornea
In all analysed cases, an 
increase in the CBI index 
indicating changes in 
corneal biomechanics 
was demonstrated for 
the correct results of 
corneal tomography and 
topography
Hirasawa et al. [75] 39 patients suffering from 
cataract
Ten different biomechani-
cal parameters, includ-
ing CBI
There was no expected 
decline in the CBI index. 
The best results were 
obtained for SP-A1 
(significant decrease) and 
for DA and integrated 
radius, which increased, 
suggesting less corneal 
stiffness after the pro-
cedure
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respectively. The coefficient of variation (CV) was 6.6% (repeatability) and 7.6% (repro-
ducibility). For bIOP, these values remained at a similar level—about 1 mmHg, respec-
tively 0.89 for repeatability and 1.05 for reproducibility. However, CV values for bOPI 
are 6.1% and 7.2% for repeatability and reproducibility. For the other analysed param-
eters, good results were also obtained—CV values for most of them were below 4% for 
repeatability and 6% for reproducibility. The high repeatability of DCR parameters has 
also been confirmed in studies [82]. Table  3 summarizes the results of measuring the 
repeatability of DCRs.
Changes in the biomechanical parameters of the cornea after surgery
One of the main assumptions of the developed algorithm allowing the determination 
of biomechanical corrected IOP was the independence of IOP values from changes 
in corneal thickness. In the work [83]. Chen together with his research team analysed 
changes in bIOP, unadjusted IOP and IOP measured with Goldman’s applanation 
tonometer for patients before and after SMILE (small-incision lenticule extraction)—14 
patients and LASIK (laser in situ keratomileusis)—22 patients. The results showed that 
Fig. 2 Screenshot of Corvis ST display presenting the Vinciguerra Screening Report for patient with 
keratoconus
Table 3 Repeatability of dynamic corneal response parameters
Author Participants Parameters Results
Lopes et al. [81] 32 healthy patients IOP; bIOP; and eight selected DCR 
parameters
Corvis ST showed good repeatability 
and reproducibility for unadjusted 
IOP measurements and biome-
chanically corrected IOP
Miki et al. [82] 48 healthy patients IOP and 35 DCR parameters avail-
able in the Corvis ST tonometer
Repeatability for 22 out of 35 
analysed corneal deformation 
parameters was at a high level (the 
intraclass correlation coefficient 
ICC ≥ 0.75)
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changes in bIOP values before and after both treatments were statistically insignificant 
(0.1 ± 2.1 mmHg and P = 0.80 for LASIK and 0.8 ± 1.8 mmHg and P = 0.27 for SMILE). 
What is more, this pressure was also negligible correlated with CCT (statistical analysis 
according to Pearson showed P values above 0.05). Significant correlation and significant 
pressure drop after both treatments were observed both for unadjusted IOP and pres-
sure measured by the Goldman apparatus.
The analysis of DCR parameters and changes in bIOP after LASIK and PKR (tran-
sepithelial photorefractive keratectomy) is presented in [44]. For 64 cases, no significant 
difference was found in the change of bIOP after LASIK surgery (preoperative bIOP: 
16.12 ± 1.66  mmHg, bIOP after surgery 15.86 ± 1.32  mmHg) as well as PRK (preop-
erative biopsy: 16.30 ± 1.68  mmHg, bIOP after surgery 16.60 ± 1.29  mmHg). In addi-
tion, two of the analysed parameters significantly increased—deformation amplitude 
ratio at 2.0 mm and integrated inverse radius, two more characterised by a noticeable 
drop value—stiffness parameter at first applanation and Ambrosio relational thickness 
through the horizontal meridian (ARTh) [61] (P < 0.001), both after LASIK and PRK. The 
authors point to the fact that changes in the amplitude of deformation amplitude as well 
as integrated inverse radius were lower in the case of PRK, suggesting less invasive treat-
ment in corneal biomechanics.
The research team in a similar composition [84] also analysed changes in the same 
DCR parameters (and a few additional ones) also after the PRK and PRK procedure com-
bined with the LASIK procedure. Here, too, no significant changes in bIOP values were 
observed which is consistent with the pioneering work in this topic [51], which indicates 
biomechanical IOP values corrected as less sensitive to changes in corneal parameters 
such as CCT and age. There was a statistically significant decrease in stiffness param-
eters (SP-A1 and SP-HC) after both treatments and a significant increase in parameters: 
deformation amplitude ratio at 2.0 mm, deformation amplitude ratio at 1.0 mm and inte-
grated inverse radius. In the case of these procedures, smaller changes in biomechanical 
parameters were detected after the treatment of the combined PRK and LASIK surgery.
Significant changes for the new biomechanical parameters available in the Corvis ST 
tonometer were noted in work [85]. For a group of 34 patients, the results of DCR param-
eters were compared before and after SMILE. All of the parameters analysed: corneal 
biomechanical index, deflection amplitude ratio at 1.0 mm, deflection amplitude ratio at 
2.0 mm, integrated inverse curvature radius, stiffness parameter at A1 (SP-A1) changed 
significantly after the surgery was performed (P < 0.05) which remains in accordance 
with previous quoted works. One of the most important conclusions is the lack of cor-
relation between the SP-A1 and CCT parameters (P = 0.15) after the SMILE procedure. 
As the authors themselves note, this suggests that in future works this parameter will be 
used as a valuable indicator of the corneal biomechanical features independent of cor-
neal thickness. However, different results were obtained for the change of bIOP, which 
after the performed SMILE surgery significantly decreased. A significant difference in 
the values of bIOP after surgery was also noted in works [75, 86], where the change of 
corneal biomechanics was evaluated after cross-linking (CLX) and cataract surgery.
It is worth noting that after the CLX surgery Vinciguerra et al. [86] for the analysed 
parameters (after 6  months from the surgery) noted a significant increase in stiff-
ness parameters: SP-A1 and SP-HC and a significant decrease in the values of three 
Page 11 of 18Jędzierowska and Koprowski  BioMed Eng OnLine           (2019) 18:17 
parameters: inverse concave radius (1/R), deflection amplitude (DefA) and deforma-
tion amplitude ratio (DA ratio)—P < 0.05 for Wilcoxon paired test. The above suggests 
the possibility of using these parameters as indicators allowing early assessment of the 
effects of cross-linking operations.
Assessing the above mentioned literature it can be stated that in clinical practice the 
most important are parameters related to the amplitude of deformation (deformation 
amplitude ratio) as well as stiffness parameters (SP-A1 and SP-HC). These parameters 
can be very helpful in evaluating the progression of corneal diseases and early evaluation 
of the performed surgical procedures effectiveness.
Summary
The subject of the influence of biomechanical properties of the cornea and the entire 
eyeball on the results obtained in tonometry studies has been present in the literature for 
a long time. It seemed that the breakthrough in this area and the final answers will bring 
new devices—tonometer ORA and Corvis ST, which providing additional measure-
ments allow the correction of assessed indicators, such as intraocular pressure. Never-
theless, it has been already 8 years since the introduction of non-contact tonometer, and 
the discussion in this topic is still alive, and the list of topics requiring further research 
is still growing. The above confirms also the literature collected for the purposes of this 
work. It is also worth noting that another area which is more and more often connected 
with Corneal Visualization Scheimpflug Technology is modelling of corneal deformation 
[87–95].
The basic biomechanical parameters available to date in the Corneal Visualization 
Scheimpflug Technology tonometer software were limited to the quantitative evaluation 
of certain distinct corneal features. Unfortunately, the lack of standardisation of available 
indicators significantly limited their use in clinical practice. An example of work on the 
analysis of the corneal dynamic response after surgery is shown in Table 4.
As can be seen from Table 4, bIOP values showed a statistically significant index ena-
bling to distinguish between patients after LASIK and SMILE procedures. Similarly, 
parameters obtained from the Goldman device allow to distinguish patients qualified for 
cataract surgery [75, 83, 96].
The latest dynamic corneal response parameters analysed in this review, available in 
the updated version of the Corvis ST tonometer software are still being tested and their 
clinical application is being verified. The most important conclusions from the analysed 
literature are presented below.
1. Biomechanically corrected intraocular pressure value in most of the works is a 
parameter independent of corneal biomechanics. This is confirmed by studies of 
patients with healthy cornea as well as of patients after various refractive procedures. 
bIOP can be classified as a parameter independent of CCT and age. The significant 
changes in this parameter noted in several works [75, 85, 86] draw attention to the 
fact that special accuracy in the measurement of the bIOP should be kept, because 
other factors, which are not included in the correction algorithm, also affect the 
pressure value. The point are pressure fluctuations depending on the time of day, its 
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dependence on blood pressure [97, 98], as well as the number of repetitions and the 
time interval between subsequent tests.
2. The Corvis Biomechanical Index available in The Vinciguerra Screening Report, con-
firmed its effectiveness in detecting patients with keratoconus. However, the effec-
tiveness of CBI in detecting other corneal pathologies, e.g. cataracts, has not been 
confirmed. What is more, it was noted that the CBI index is more sensitive than the 
Tomography and Biomechanical Index (TBI), available after Corvis ST integration 
with corneal tomography by Pentacam. However, it is important, that the combina-
tion of both of these indicators allows better classification, which may prove to be a 
key element in early diagnosis and so far allows for the best results in this area.
3. The most frequently analysed dynamic corneal response parameters are: deforma-
tion amplitude ratio, deflection amplitude ratio, stiffness parameter A1, stiffness 
parameter HC, integrated inverse radius and Ambrosio relational thickness through 
the horizontal meridian. Not without significance is the fact that these parameters 
are one of the parts of The Vinciguerra Screening Report, which provides their abso-
lute values and their standard deviations from the average. These parameters can be 
early indicators for the evaluation of the effects of refractive treatments of the cor-
nea. Table  5 presents a list of changes of the above parameters depending on the 
performed procedure.
4. Special attention should be paid here to the unverified relation between the actual 
intraocular pressure and the pressure measured by means of devices using air puff. 
Table 4 Dynamic corneal response parameters after surgery
Author Participants Parameters Results
Chen et al. [83] 14 patients referred for LASIK 
treatment and 22 patients 
referred for SMILE treat-
ment
bIOP, IOP, Goldman IOP The bIOP values before and 
after LASIK and SMILE 
treatments turned out to be 
slightly different and did not 
show any significant correla-
tion with CCT 
Unlike other pressures—Gold-
man IOP and IOP, which 
showed significant changes 
after the treatments and a 
significant correlation with 
CCT 
Hirasawa et al. [75] 39 patients qualified for 
cataract surgery
CBI, IOP (Goldman), bIOP 
and six DCR parameters
Changes in IOP values and 
biomechanical parameters 
after cataract surgery were 
recorded
Significant decrease in SP-A1 
and significant increase in 
DA max. after the reference 
period of 3 months
The bIOP values showed a sta-
tistically significant decrease
Ueki et al. [96] 8 patients after LASIK (with 
keratectasia), 11 patients 
after LASIK (without kera-
tectasia), 24 patients with 
keratoconus, 34 healthy 
patients
IOP and 10 DCR parameters For parameters: HC radius and 
HCDeflAmp there was a sig-
nificant difference (P < 0.05) 
between patients with 
keratectasia after LASIK and 
patients without keratecta-
sia after LASIK
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The Goldmann Tonometer is still the gold standard for intraocular pressure meas-
urement [99, 100].
5. Not without significance here is the progress in technology, which allows non-con-
tact measurement as well as data transmission and recording on an external stor-
age medium. Such modern devices designed for IOP measurement, and in the future 
allowing for the analysis of corneal biomechanical parameters are:
 Diaton: The portable and manual Diaton device does not need sterilization or anes-
thesia. As the IOP is measured through the eyelid over the sclera, there is no influ-
ence of corneal thickness or corneal stiffness [101].
 Icare: The advantage of Icare is that it is portable and it does not need sterilization 
or anesthesia. What is more, it may be used at home. The contact time is extremely 
short and is able to receive temporary drops or spikes in the IOP; in order to over-
come this variability, the user has to take an average of 4 out of 6 readings. This mod-
ern tonometer records the IOP, time and date and calculates the quality result using 
a dedicated algorithm. Every measurement is stored in the device and may become 
available to the physician later [102, 103].
 Triggerfish: This modern device consists of a contact lens sensor and a small antenna 
near the eye that transmits data via wireless technology. One of its major advantages 
is that it may be used at home. It also provides permanent measurement. The 24-h 
IOP patterns, for example, can be monitored continuously without waking up the 
patient [104].
6. Very often the aspect of repeatability of measurements is omitted in the literature on 
biomechanical parameters measurement. It should be noted here, in particular, that 
at high individual variability, for different biomechanical parameters of the cornea, as 
well as its shape and arrangement, the measurements may differ significantly from 
each other. In particular, the patient, e.g. for different head positions in the chin rest, 
Table 5 List of changes in DCR parameters after corneal surgery
The up arrow (↑) indicates a significant increase in the given parameter; down arrow (↓) indicates a significant decrease in a 
given parameter; horizontal lines (–) indicate the lack of analysis of a given parameter
PRK: photorefractive keratectomy; LASIK: laser-assisted laser in situ keratomileusis; SMILE: small-incision lenticule extraction; 
CAT ARA CR: cataract surgery; CLX: corneal cross-linking; DA ratio (1 mm): deformation amplitude ratio at 1 mm; DA ratio 
(2 mm): deformation amplitude ratio at 2 mm; SP-A1: stiffness parameter A1; SP-HC: stiffness parameter HC; IntInvRad: 
integrated inverse radius; bIOP: biomechanically corrected IOP; ARTh: Ambrosio relational thickness to the horizontal profile
Parameter Lee et al. [84] Lee et al. [44] Fernandez 
et al. [85]
Hirasawa 
et al. [75].
Vinciguerra 
et al. [86]
PKR
(n = 35)
PRK + LASIK
(n = 34)
LASIK
(n = 64)
PRK
(n = 65)
SMILE
(n = 43)
CAT ARA CT
(n = 39)
CLX
(n = 34)
DA ratio 
(1 mm)
↑ ↑ – – ↑ ↑ ↓
DA ratio 
(2 mm)
↑ ↑ ↑ ↑ ↑ – –
SP-A1 ↓ ↓ ↓ ↓ ↓ ↓ ↑
SP-HC ↓ ↓ – – – – ↑
IntInvRad ↑ ↑ ↑ ↑ ↑ ↑ ↓
bIOP No signifi-
cant dif-
ference
No significant 
difference
No signifi-
cant dif-
ference
No signifi-
cant dif-
ference
↓ ↓ ↑
ARTh – – ↓ ↓ – ↓ –
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indirectly influences the obtained results. Error values vary and depend especially on 
the accuracy and reliability of the operator’s (ophthalmologist) work. These errors 
range from a few to several percents [105].
The literature presented in this review is one of the first after the introduction of new 
biomechanical parameters of the cornea. They present promising results, but further 
studies on the usefulness of these parameters are necessary. One of the biggest limita-
tions is still a small number of analysed cases, in particular in the area of analysis of 
changes in parameters after surgery. However, thanks to the more and more frequent 
cooperation of international units, the acquired data allows the standardisation of data 
received and may soon bring satisfactory results. In conclusion, it can be said that thanks 
to such a dynamic development in the field of assessment and verification of ocular bio-
mechanics, it is possible to better understand its impact on the genesis of eye diseases, 
and most importantly, it will also allow effective prevention and early detection of cor-
neal disorders.
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